1. Plasma and urine free dopamine (3,4-dihydroxyphenethylamine) were measured in six normal male volunteer subjects and the urinary clearance of dopamine was calculated for each subject.
Introduction
Free dopamine (3,4-dihydroxyphenethylamine) is found in large amounts in the urine of man, compared with the other catecholamines, whereas in plasma its concentration is similar to that of noradrenaline. Crout (1968) reported values typical of those to be found in the literature for 24 h excretions of the free catecholamines: adrenaline 0-82 nmoV24 h, noradrenaline 118-414 nmoV24 h and dopamine 653-2285 nmoV24 h. Accurate measurements of the catecholamines in plasma have, however, only recently become available with the introduction of radioenzymic methods. Da Prada & Ziircher (1976) reported mean plasma values for the catecholamines in human plasma (+sEM); adrenaline 0.45 k 0.06 nmoV1, noradrenaline 1.05 + 0.12 nmoul and dopamine 0.74 ir 0.03 nmoV1. Assuming a glomerular filtration rate (GFR) of 120 mumin in these normal subjects then simple filtration would yield excretion rates of 76 nmoV24 h for adrenaline and 183 nmoV24 h for noradrenaline, in keeping with the observed values, but only 131 nrnoV24 h for dopamine. As renal plasma flow in man is about 600 ml/min (Pitts, 1974) , total clearance of dopamine from all the plasma reaching the kidneys would cause an excretion of only 640 nmoV24 h. Even allowance for differences in recovery from plasma and urine by the different methods makes it dimcult to account for the concentrations of free dopamine observed in urine. An alternative explanation of these large amounts in urine is that dopamine is formed within the kidneys or conjugates of dopamine are broken down in the kidney and excreted in the free form. Enzymes for the 167 synthesis and breakdown of dopamine are present in the kidney but dopamine-P-hydroxylase (EC 1.14.17. l), which converts dopamine into noradrenaline, is found only in nerve endings (Nagatsu, 1973) . It is tempting therefore to speculate that dopamine is formed within the kidney, unlike the other catecholamines.
Pharmacological doses of dopamine produce a natriuresis when given either intravenously or into the renal artery in the dog (McDonald, Goldberg, McNay & Tuttle, 1964; Meyer, McNay & Goldberg, 1967) . Cuche, Kuchel, Barbeau, Boucher & Genest (1972) have shown that dopamine excretion correlates closely with sodium excretion in man. Saline infusion is also known to increase excretion of dopamine in the dog but albumin infusion does not (Faucheux, Buu & Kuchel, 1977) . Alexander, Gill, Yamabe, Lovenberg & Keiser (1974) found that when normal subjects changed from a low to a high salt diet their dopamine excretion increased. However, dopamine excretion might precede sodium excretion, rather than simply follow it, as the decarboxylase inhibitor, carbidopa, reduced both urinary dopamine and sodium excretion in normal human subjects (Ball & Lee, 1977a) .
We have studied the source and function of urinary dopamine, in normal human volunteer subjects and in the rat. In man we present evidence that free dopamine is formed within the kidney. In the rat we have studied the specificity of the increase in urinary free dopamine excretion in response to sodium, by comparing the effects of NaC1, KCl, NaHCO, and NH,CI on urinary dopamine excretion.
Methods
Plasma and urine free dopamine were measured in six normal males (mean age 32 years, range 22-42 years), who, between sampling, continued their usual morning work routine.
Venous blood samples were taken at 0 and 60 min, and urine was collected over this 1 h period for the measurement of urea, electrolytes, creatinine and dopamine. The blood (50 ml) for the estimation of dopamine was collected into 1 ml of an ice-cold solution of EGTA (0.2 mol/l) and ascorbic acid (0.06 mol/l) and centrifuged at 2000 g for 10 min at 4OC. Duplicate 10 ml samples of plasma were then each added to 200 mg of alumina, previously treated with EGTA (0-2 mol/l).
Tris(hydroxymethy1)methylamine (0.5 mol/l) was then used to bring the pH to 8.3 for the optimal extraction of the catecholamines (Anton & Sayre, 1964) . The urine was similarly treated except that aliquots (5 ml) were extracted with 250 mg of alumina. Dopamine was eluted with acetic acid (0.2 mol/l) and measured by a radiokinetic procedure with S-[ 3H]adenosylmethionine and rat liver catechol 0-methyltransferase (Da Prada & Ziircher, 1976) . The methylated amines were separated by thin-layer chromatography on silica gel and the radioactive 3-methoxytyramine was measured by liquid scintillation counting. The lower limit of sensitivity of this method is 0.13 nmol/l of plasma (or urine) with a mean recovery of added dopamine of 64 f 4.7% (plasma) and 63 ? 5.8% (urine).
Four groups of six Wistar rats, each rat weighing about 300 g, were housed in individual metabolic cages. After acclimatization (usually 7 days) to the cages, as shown by a constant intake of food and water and regular gain in weight, each group was started on a low Na diet (no. 821511, BP Nutrition, Stepfield, Essex, U.K.). Each group was allowed 24 h on the new diet before the 6 day experiment was started ( Fig. 1) . The rats were weighed daily, their intake of food was recorded, and their 24 h urine outputs were collected. The pH of the urine passed on day 1 was recorded and the amount of H,SO, (3 moV1) required to reduce the urine to pH 3 was measured. H,SO, (3 mol/l), in slight excess of that required, was then left in the collection chamber to ensure that the urine collected on day 2 would be maintained at a pH below 3 to avoid any loss of dopamine from oxidation at a higher pH (Nagatsu, 1973) . The urine passed on day 3 was not acidified but its pH was again recorded. By this means a guide to the pH of the urine passed on the low Na diet could be obtained and at the same time the urine could be adequately 169 acidified for accurate dopamine measurement. On the fourth day each group was given the same low sodium diet but with NaCl (0.43 mmol/g of food), NaHCO, (0.42 mmol/g of food), KC1 (0.42 mmoVg of food) or NH,Cl (0.42 mrnol/g of food) added. These salts were dissolved in water and mixed thoroughly with the powdered rat food. The moist food was then dried to its original weight before reduction to powder with a food grinder. The pH of the urine on day 4 was measured and the amount of acid required to reduce its pH to 3 determined. The 24 h urine samples on day 5 were then collected in enough acid to keep their pH below 3 for estimation of dopamine. The pH of the urine passed by each rat on day 6 was recorded. An aliquot (1 ml) of urine was removed from each 24 h urine for the estimation of Na and K by an IL standard flame photometer, of osmolarity by a High Sensitivity Osmette; Precision Systems Inc., no. 2007 and of creatinine by the Jaffk reaction (Henry, 1966) . Dopamine was measured by a modification of the method of Anton & Sayre (1964). Aliquots (5 ml) of urine from days 2 and 5 for each rat were added to 250 mg of alumina previously treated with 0.1 molh of the disodium salt of ethylenediaminetetra-acetic acid (EDTA). By addition of Tris(hydroxymethy1)methylamine (0.5 mol/l) the pH of each sample was taken to 8.3 for the optimal extraction of the catecholamines. The urine was then discarded and the alumina washed three times with distilled water before extracting the catecholamines with acetic acid (0-2 mol/ 1). Dopamine was then measured by conversion into its fluorescent dihydroxyindole derivative (Carlsson & Waldeck, 1958) . Fluorescence at an excitation wavelength of 325 nm, and an emission wavelength of 375 nm, was measured with a Perkin-Elmer MPF-44 Spectrophotometer. The recovery of added dopamine was 65 f 2.5%. Values are given as mean CSEM, and comparisons made by paired I-test.
Results
The mean plasma dopamine in the six subjects was 0-43 f 0.06 nmoVl (range 0.24-0.57 nmol/l, uncorrected for recovery ( Table 1) . There was no significant difference (P > 0.1) between the plasma dopamine at time 0 and time 60 min ( Table 1) . The mean hourly excretion of dopamine was 44.8 f 7.1 nmol/h (range 13.4-61.3 nmol/h: Fig. 2 shows urinary dopamine excretion on days 2 and 5 of the 6 day experiment for each group of rats given NaCl, NaHCO,, KCl and NH,Cl on an equimolar basis. Also shown are the mean values of 24 h Na intake and excretion and K intake and excretion. Fig. 3 shows the 24 h urine values for osmolarity (mosmol), volume and creatinine, together with daily weights for each group of rats for each of the 6 days.
Addition of NaCl to the diet caused a significant increase in dopamine excretion from 7.28 k 0.75 nmoV24 h to 14.24 f 1.08 nmoV24 h (P < 0.001) (Fig. 2) . In contrast, NaHCO, given on an equimolar basis failed to cause any increase, excretion falling significantly from 8.12 & 0-29 nmo1/24 h to 5.59 f 0.55 nmoV24 h (P < 0.01). The response to dietary KCl was less than to the equivalent sodium load, but dopamine excretion increased significantly from 6.10 rt 0.41 nmoV24 h to 8.76
-+ 0.66 nmoV24 h (P < 0.01). NH,Cl was almost as effective as NaCl, as dopamine excretion increased from 8.28 f 0.50 nmo1/24 h to 12.76 f 0.79 nmoV24 h (P < 0.001).
Sodium intake and excretion were similar before and after addition of NaCl and NaHCO, in the two groups (Fig. 2) . Both KC1 and NH,Cl caused slight increases in sodium excretion on the first day of their addition to the diet, but these values had returned to control values by the second day (Fig.  2) . KCl significantly increased potassium excretion (Fig. 2) .
A l l the salts produced a significant increase in mosmol excreted and urine volume on day 5, as compared with day 2(P < 0-01 for all groups, Fig.   3 ). Creatinine excretion (Fig. 3) increased significantly on day 5 compared with day 2 in those given NaCl and NaHCO, (P < 0.05 both groups) but there was no significant change with NH,Cl and KCl (P > 0.1 both groups). Expression of results in terms of mmol of creatinine made no important differences to the results as expressed per 24 h. Each group of rats showed small increases in mean weight each day during the low sodium control period, presumably due to growth. The rate of weight gain was maintained in each group during the periods when the different salts were added ... ( Fig. 3) . The animals given NaCl and NaHCO, showed the greatest increases in weight at day 5 as compared with day 2 (Fig. 3) , although weight increased significantly in all (P < 0-05).
Food intake was largely unaffected by the addition of the salts. The NaCl, NaHCO, and NH,C1 groups ate 22.5 f 0.74 g/day per rat, 22.2 f 1.2 g and 22.9 f 0.81 g respectively in the low salt periods and 22-3 f 0-95 g, 23.7 f 1.2 g and 21-6 f 0.52 g in the periods of dietary supplementation (P > 0.1 all groups). The rats receiving KCl had a slightly lower intake of food in the low salt period (18.0 f 0.45 g/day per rat) compared with the other groups, and compared with their intake in the high KCl period (22.0 f 1.05 g/day per rat: P < 0.05).
The mean pH of the urine passed by the rats on days 4 and 6, during the high salt period, compared with the mean value for days 1 and 3, in the low salt period, decreased in the NaCl group from 8.6 k 0.07 to 8.2 k 0.06 (P < 0-01), in the KCl group from 8.5 f 0.06 to 8.3 f 0.05 (P > 0. l), in the NH,Cl group from 8.6 f 0.06 to 6.0 f 0-04 (P < 0401), but increased in the NaHCO, group from 8.9 f 0.05 to 9.0 f 0.02 (P < 0-05).
Discussion
The plasma concentrations of free dopamine in our study are lower than those reported by Da Prada & Ziircher (1976), probably from the additional alumina extraction step used in our method. The recovery of dopamine by our technique was the same for both plasma and urine. In our experiments blood and urine were collected from the same subjects, over 1 h during which plasma dopamine concentrations remained unchanged. Urine dopamine and plasma dopamine concentrations can therefore be compared directly. The results show that, with one exception (subject T.R.), the clearance of dopamine was well above that which would be achieved even if all the plasma reaching the kidneys could be cleared of dopamine (Table 1) . We conclude that free dopamine is formed within the kidney.
In view of the reported close correlation between urinary sodium and dopamine (Ball & Lee, 1977a), urinary sodium excretion was also measured. The lowest calculated clearance of dopamine (in subject T.R.), which was still above GFR for this individual, was also associated with the lowest sodium excretion (Table 1) . The correlation between sodium and dopamine excretion was not significant in this small group (r = 0-6, P > 0-1).
This evidence does not, however, enable new synthesis to be distinguished from conversion of conjugated dopamine into its free form. Dopa decarboxylase (EC 4.1.1.28), which converts dopa into dopamine, is present in large amounts in the kidney, as is monoamine oxidase (EC 1.4.3.4), which is thought to be the major enzyme responsible for breakdown of dopamine by the rat kidney (Nagatsu, 1973) . The rise in dopamine excretion found on increasing the dietary intake of NaCl in rats could be secondary to either an increase in activity of dopa decarboxylase, producing more catecholamine, or decreased activity of monoamhe oxidase and less breakdown of dopamine. We have previously been unable to show any difference in the activities of these enzymes in kidney tissue taken from rats maintained on a low sodium diet, compared with that from rats on a high sodium intake (Ball & Lee, 1977b) .
The marked effect of NaCl on the excretion of dopamine by the rats confirms our previous results (Ball & Lee, 1977b) . The failure of sodium bicarbonate given on an equimolar basis to increase dopamine excretion was not expected, as the increase of urinary dopamine was thought to be secondary to volume expansion by the sodium ion. It is interesting to compare these findings with the failure of NaHCO, to suppress renin activity in plasma and kidney in the salt-deprived rat (Kotchen, Galla & Luke, 1976) , and the well-established effect of KCI in suppressing renin activity (Flamenbaum, Kleinman, McNeil, Hamburger & Kotchen, 1975; Brunner, Baer, Sealey, Ledingham & Laragh, 1970) . The increase in urinary dopamine in response to addition of KCI and NH,Cl to the diet shows that the response is not specific to the sodium ion. An alternative hypothesis is needed to explain these findings.
Dopamine is a weak base with pK 10-6 (Nagatsu, 1973) , so that its excretion in urine will be influenced by the pH of the urine (Milne, Scribner & Crawford, 1958) . The administration of NaCl, KCl and NH,Cl produced a fall in urinary pH with an accompanying rise in dopamine excretion. In contrast, NaHCO, caused an increase in urinary pH and a fall in dopamine excretion. In these experiments the measured pH values may have been falsely high throughout as the urine was collected in open chambers, which would allow carbon dioxide to escape, but as all the urine samples were handled identically the direction of pH change can be assessed, if not the absolute values.
The salts which acidify the urine may limit back diffusion of dopamine from tubular fluid and thereby increase its urinary excretion. However, as the source of urinary dopamine appears to be from the kidney itself rather than from the clearance of plasma by the kidney, this still implies either an increased renal production of dopamine, or a diminished renal degradation. Our unpublished results show an increase in kidney tissue dopamine with NaCl, KCl and NH,Cl, but not with NaHCO,, suggesting that the urinary changes run in close parallel with the tissue values, although we cannot exclude significant contamination of tissue dopamine by intratubular catecholamine. Definite evidence for changes in intracellular dopamine in renal tubular cells may demand micropuncture studies.
The chloride ion is common to all the salts which caused an increase in dopamine excretion. There is now considerable evidence that active chloride pumps exist within the kidney and that this ion does not simply follow the electrochemical gradients set up by other ions such as sodium (Burg & Green, 1973) . Chloride transport appears to be important in the release of renin by the macula densa mechanism (Schnermann, 1975) . The possibility must be considered that this ion is an independent factor in determining changes in dopamine excretion.
In conclusion, free dopamine seems to be formed within the kidney and appears to be increased in response to an osmotic or acid load. Thus hypotheses based on urinary dopamine concentrations must take into account the nature of the osmotic stimulus and the hydrogen ion concentration. Dopamine could function as an intrarenal hormone, in that increased free dopamine generated within the kidney could affect renal blood vessels and tubular transport mechanisms. The responses of renin and dopamine to NaCl and NaHCO, suggest that if renin acts principally to conserve sodium, then dopamine may be directed towards sodium excretion, these two hormones thus forming part of an intrarenal mechanism to control electrolyte balance. Dopamine may therefore join with kallikrein and the prostaglandins in the cascade of natriuretic activity within the kidney (Adetuyibi & Mills, 1972; Attalah & Lee, 1973) . A complete understanding of the function of dopamine in the kidney must, however, include its relationship to the potassium, chloride and hydrogen ions.
